Understanding the mechanism of O star formation is one of the most important issues in cur- The whole collision process happened in a timescale of ∼3 Myr. RCW 79 has a larger size 1 by a factor of 30 in the projected area than RCW 120 with a single O star, and the large size favored formation of the 12 O stars due to the larger accumulated gas in the collisional shock compression.
Introduction
O-star formation and its influence on triggering secondary star formation are important issues in understanding galaxy evolution because the O stars are highly influential in controlling the physical states of the interstellar medium (ISM) by injecting a large amount of kinetic energy in stellar winds, ultraviolet photons and supernova explosions. H II regions are an unambiguous signpost of O star formation and deserve an intensive study of their associated molecular gas, the raw material of star formation.
RCW 79 is an H II region listed as an emission nebula by Rodgers et al. (1960) and is named S145 in the Spitzer bubble catalogue (Churchwell et al. 2006) . It shows a typical bubble shape similar to RCW 120 (Zavagno et al. 2007; Torii et al. 2015) and is located toward (l, b) =(308.
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• 58) at a kinematic distance 4.0 kpc in the Crux-Scutum Arm (Russeil et al. 1998) . Martins et al. (2010) The error bar is too large for estimating the individual age separately. Therefore, we adopted the age of all the O-stars as 2.3±0.5 Myr. The radius of the bubble is 7.6 pc .
RCW 79 has been a subject of extensive observational studies particularly at infrared wavelengths with Spitzer and Herschel (Zavagno et al. 2006; Liu et al. 2017) . A picture which was discussed in the previous papers is that the central O stars compress the ambient molecular gas into a shell and low-mass stars were formed as the second generation stars in the shell. Liu et al. (2017) presented an extensive work on the identification of dust clumps mainly based on the recent Herschel data and identified 54 clumps in the bubble wall. They include Class0, Class0/I and Class I objects, which is estimated to be 0.5 Myr (Liu et al. 2017) . These authors claimed that the sample represents young stars formed by ionization-driven compression around the H II region. As such, it was thought that RCW 79 is an example of triggered second-generation star formation in an expanding bubble driven by an H II region (Zavagno et al. 2006) . A CO J = 3-2 survey for 43 Spitzer bubbles were made 2 by Beaumont and Williams (2010) and these authors showed that the CO clouds associated with the bubbles have no sign of spherical expansion, but has a general morphology which is plane-like with a hole. The results do not seem to immediately support the collect-collapse scenario.
Another typical example of a bubble is RCW 120 ionized by a central O 7.5 star (for review see Deharveng and Zavagno 2008) . It is argued that triggered formation of second-generation lowmass stars is taking place in the RCW 120 shell based on infrared and CO observations (Zavagno et al. 2007) , while the formation of the central O star was not pursued in their scenario. Recently, RCW 120 was extensively studied in the CO emission lines by Torii et al. (2015) . These authors found that the main molecular cloud shows a good correspondence with the ring-like distribution of the infrared nebula, whereas they did not see a sign of expansion of the molecular gas. The expansion is a natural outcome if it was formed by gas acceleration due to the central O star. These authors found that another cloud with a velocity separation of 20 km s −1 is associated with opening of the bubble as evidenced by the high temperature heated by the H II region. Since the large velocity cannot be bound by gravity, Torii et al. (2015) lead to an alternative scenario that the two clouds collided with each other ∼Myr ago and the small cloud created a cavity in the large main cloud. According to the scenario, an O star was formed by the collisional compression as numerically simulated by Habe and Ohta (1992) , and the inside of the cavity is ionized by the O star. These observations illustrate that molecular observations which can discriminate velocity separation is crucial in understanding star formation in these bubbles.
RCW 79 is part of the large-scale dense molecular gas of 100-pc extent as revealed by C 18 O J = 1-0 observations of the Centaurus region with NANTEN (Saito et al. 2001) . These observations identified a C 18 O cloud at −46.8 km s −1 associated with RCW 79 (no.3 in their list) at 2.7 arcmin resolution, which is a small part of the most massive C 18 O aggregation in NANTEN Galactic plane survey (Mizuno and Fukui 2004) . The C 18 O cloud mass is estimated to be 1.2 × 10 4 M ⊙ , and was shown to be an active site of star formation evidenced by luminous infrared sources. The aim of the present study is to reveal the detailed distribution and kinematics of the molecular gas in RCW 79 at angular resolutions better than arcmin and to explore how star formation is proceeding. This paper is organized as follows; Section 2 describes observational details and Section 3 observational results.
Section 4 discusses star formation processes in RCW 79 based on a cloud-cloud collision scenario and Section 5 concludes the paper. 
Archive datasets
We used the following archive datasets to compare with the CO data. i.e., the Hα optical data from SuperCOSMOS (Parker et al. 2005) • 55, and at b = 0.
• 7 -0.
• 75. Connection between the −57 km s −1 and the −47 km s −1 components is not clear in the figure. The velocity distribution in the main peak is flat with no significant gradient or broadening toward the bubble, except for the peak at b = 0.
• 53, which shows a broad linewidth of 4 km s and −57 km s −1 components at two directions. These connecting features are suggestive of physical linkage among all these features in Figure 4 as discussed later in Section 4.
The distance of the cloud was estimated to be 4.5 kpc for cloud velocity of −47 km s −1 by using the Galactic rotation model (Saito et al. 2001) . Russeil et al. (1998) derived 4.0 kpc by Hα velocity of −49 km s −1 . In the present paper, we adopt 4.5 kpc which corresponds to the kinematic distance of the main cloud associated with RCW 79. The total cloud mass was calculated to be 6 × 10 4 M ⊙ by adopting an XCO factor of 1.0 × 10 20 cm −2 /K km s −1 in Perseus (Okamoto et al. 2017 ). Masses of the individual components are estimated as follows; masses of P, Q, R, and the -57 km s −1 cloud are calculated to be 2 × 10 4 M ⊙ , 7 × 10 3 M ⊙ , 1 × 10 4 M ⊙ , and 6 × 10 3 M ⊙ , respectively. Churchwell et al. 2004) . Figures 5b and 5f show the 24 µm emission of the heated dust in the bubble, and the ionized gas observed in thermal radio emission and Hα emission (Figure 5c and 5g). The radio emission which is not affected by extinction shows that the strongest emission is seen close to the O stars due to intensive ionization of the molecular gas ( Figure   5d and 5h). The radio continuum emission extends beyond the bubble to the south, indicating that part of the ionized gas is escaping from the bubble. The −57 km s −1 cloud is distributed outside of bubble ( Figure 5 (a-d) ). The CO intensity peaks of the −47 km s −1 cloud coincide with 8 µm infrared emissions (Figure 5e ), on the other hand, the 24 µm, 843 MHz, and Hα emissions are bright inside the two peaks of clouds (P, Q) in RCW 79 (Figure 5f , g, and h). Figure 6 shows 54 YSO candidates (Liu et al. 2017 ) superposed on the −57 km s 1− and −47 km s 1− cloud. These YSOs show good correspondence with the CO peaks P, Q, and R, indicating that they were formed in the clouds ( Figure   6b ). The first moment map indicates that the −57 km s −1 and −47 km s −1 cloud are separated, and that the −57 km s −1 cloud is located in the north and outside of the bubble (Figure 6c ). Zavagno et al. 2006 etc.) . A recent paper based on accumulated infrared data with Herschel, archival 2MASS, Spitzer and WISE data provide significant details of the candidates for young low-mass stars in RCW 79 observed as dust clumps, whereas large obscuration hampers to derive their stellar properties into detail (Liu et al. 2017) . These clumps show strong spatial correlation with the bubble-like distribution of gas and dust as shown in Figure 6 ; for each clump, size is estimated to be 0.1-0.4 pc, density (0.1-44)×10 5 cm −3 , and infrared luminosity (19-12712) L ⊙ (Liu et al. 2017) . There is also an O star in a small Spitzer bubble S144 toward the peak P. These clumps seemingly offer an ideal site to study the second-generation star formation in the collect-collapse scenario (Zavagno et al. 2006 ).
Comparison with other wavelengths
In the literature, it is usually argued that these stars are formed under triggering by the H II region following the collect-collapse scenario. If efficient acceleration of the ambient molecular gas by the H II region is confirmed, this is a possible scenario to explain the bubble shape and star formation therein. It is however to be noted that detailed theoretical modeling is missing to confront observations with theories in the triggered formation/collapse of the clumps. It is also an issue which is to be understood how the first generation O star(s) were formed in isolation as an initial step of the bubble formation; in RCW 79, the 12 O stars are located inside the bubble. This was not explored in the published works on the second-generation star formation, and a picture of star formation in RCW 79 remains incomplete.
In order to better understand the star formation mechanism in bubbles we shall test observationally other possible mechanisms of bubble formation. In RCW 120, Torii et al. (2015) did not find evidence for expansion of the bubble shell in CO and argued that the collect-collapse scenario which predicts shell expansion by the central O star(s) is not supported. These authors presented an alternative scenario on formation of RCW 120 based on a cloud-cloud collision. In this scenario, a small cloud and a large cloud collided at a velocity of ∼ 20 km s −1 and the small cloud created a cavity in the large cloud. The interface layer becomes strongly compressed by the supersonic collision to form an O star which is now ionizing the H II region inside the cavity. This scenario is supported by theoretical studies. The cloud morphology where a cavity is formed by collision was numerically simulated by Habe and Ohta (1992) , Anathpindika (2010), and Takahira et al. (2014) , and it was demonstrated that a similar cavity as observed is reproducible by a cloud-cloud collision. The physical conditions of the interface layer is calculated by magneto-hydrodynamical (MHD) numerical simulations by Inoue and Fukui (2013) , and it is shown that the interface layer becomes dense and highly turbulent; in the layer the collision increases the sound speed by a factor of 5 and the mass accretion rate by two orders of magnitude which is proportional to the third power of the sound speed. The mass accretion rate becomes as high as 2 × 10 −4 M ⊙ yr −1 (Inoue & Fukui 2013; Inoue et al. 2018) , which satisfies the threshold value required for formation of a ∼ 100 M ⊙ star (Wolfire and Cassinelli 1987).
A cloud-cloud collision scenario in RCW 79
RCW 79 is associated with the shell-like main molecular cloud consisting of three peaks along the infrared bubble (Figure 3b ). The main cloud shows no sign of expansion (Figure 3d The bubble-like main cloud and the secondary cloud outside the opening of the bubble were found in RCW 79, and these observed properties of the molecular gas are common to RCW 120 where a cloud-cloud collision scenario was presented. Based on the present results and reasoning, we set up a cloud-cloud collision scenario in RCW 79. The outline of the scenario is as follows; a small cloud collided with a large cloud and produced a cavity in the large cloud; the size of the small cloud, ∼ 15 pc in diameter, was slightly smaller than the collided part of the large cloud and the interaction left three clouds along the bubble as observed P, Q, and R which reflected the outer shape of the large cloud. We are not able to see the small cloud inside the bubble at present, because the small cloud is already dissipated by the collisional interaction and ionization.
In the collisional interface layer the 12 O stars were formed inside the bubble. The 12 O stars are not accompanied by lower mass stars which are common in known stellar clusters. The dense gas is already ionized and we do not see directly the formation of the O stars. By MHD simulations Inoue and Fukui (2013) showed that the collision compressed layer forms dense and massive cores 8 which are likely precursor of O stars. 12 O stars may require molecular cloud core mass exceeding Myr.
We present a scenario of the cloud-cloud collision by considering the stellar ages estimated in the literature, where we adopt length and velocity for an assumed tilt angle of 45 degrees of the relative motion to the line of sight. The angle, while not estimated observationally, takes into account the large observed velocity difference ∼10 km s −1 which suggests that the tilt angle is not close to 0 degrees. The following discussion is not much dependent on the tilt angle. The age of the 12 O stars is estimated to be 2.3 ± 0.5 Myr . Liu et al. (2017) observed 22 sources in the infrared condensations of RCW 79, and considered that they are low mass young stars, Class 0/I YSOs. These authors adopted their age to be ∼ 0.5 Myrs (Liu et al. 2017; also Evans et al. 2009 and Enoch et al. 2010) . From the observed velocity and size of the bubble, we are able to estimate the time evolution of the collisional process. The colliding clouds are extended by ∼20 pc (Figure 6 ), and the collision consists of three different stages as follows. Figure 7 depicts the three stages as explained below;
• Stage I: The small cloud started collision with the large cloud ∼ 2.6 Myrs ago at a relative velocity of ∼ 15 km s −1 , and continued to create a cavity in the large cloud. The interface layer between the two clouds formed and grew in mass.
• Stage II: The interface layer became dense by compression and O stars form by the gravitational instability in the layer ∼ 2.3 Myrs ago. The O star formation happened at a mass accretion rate of 2 × 10 −4 M ⊙ yr −1 within 10 5 yrs, where the accretion rate is adopted from the numerical simulations by Inoue and Fukui (2013) . The O stars ionized their surroundings in the northwestern half of the interface layer and the mass growth of the O stars was terminated by the ionization. The O stars moved to the present position in 2.3 Myrs after travelling ∼ 15 pc. The average velocity of the O stars, which held the velocity of the layer, is estimated to be ∼ 6 km s −1 .
• Stage III: The remaining interface layer continued to deepen the cavity and reached ∼ 30 pc into the large cloud where the layer is halted by the large cloud 0.5 Myrs ago. The average velocity of the layer is given by a ratio ∼ 30 pc/2.6 Myrs ∼ 10 km s −1 . The gas between the layer and the large cloud became compressed at a smaller velocity than in the O star formation and formed low mass stars as well as the exciting star of S144 0.5 Myrs ago in the southern end of the bubble.
Over the three stages, we expect the relative velocity between the two clouds was continuously slowed down due to the momentum conservation (e.g., Haworth et al. 2015a Haworth et al. , 2015b . We suggest that the O stars were formed in the dense part of the interface layer that was more heavily decelerated than the rest of the layer, which explains that the O stars are still inside the bubble.
In the present scenario, the natal molecular gas is already ionized in an age of RCW 79 ∼2-3
Myrs within several pc of the 12 O stars. It is impossible to trace the collision signatures directly toward the O stars. In a much younger object like M20 with an age less than 0.5 Myrs (Torii et al. 2017) , two clouds colliding with the bridge feature are directly observed thanks to much less ionization. A case similar to RCW 79 is found in another 2 Myr old HII region RCW 32 as reported by Enokiya et al. 2018 (arXiv:171100722) , where the central region is highly ionized and complemen- widely, while it is not constrained better than those in P. An argument which favors the triggering is that we do not see similar YSOs inside the bubble where the pre-existing cloud density was perhaps higher. If the YSOs observed at present were formed prior to the collision, we would find more YSOs inside the bubble.
We note that a similar enhanced star formation on the opposite side of the bubbles opening is seen in RCW120 (Torii et al. 2015) and in a high mass star formation region AGAL G337.916-00.477 (Torii et al. 2017) . It is intriguing to test if a similar trend is found in the other bubbles, which may provide a signature of collision.
Conclusions
We summarize the conclusions of the present study as follows;
1. We made new CO observations of the Spitzer bubble RCW 79 with NANTEN2 and Mopra 22m
telescope. The observations of 12 CO J = 1-0 transition revealed that the bubble is associated with at least four velocity components over a velocity range of 20 km s −1 . One of them, the −48 km s −1 cloud, shows a good correspondence with the infrared bubble, and the −58 km s −1 cloud is located at the opening of the bubble in a similar way to RCW120 (Torii et al. 2015) . We found the other two velocity components at −53 km s −1 and −40 km s −1 toward the bubble which are likely associated with the bubble.
2. The above four velocity components are connected by bridge features in velocity, supporting their mutual physical association. In particular, the three components in a range from −57 km s −1 to −47 km s −1 show tight mutual connection in the north of the bubble, where the bubble shows the opening. This situation is similar to the Spitzer bubble RCW120. We interpret that the components in the north just outside of opening of the bubble, represent colliding molecular flows based on the MHD numerical simulations (Inoue and Fukui 2013) .
3. We hypothesize that two clouds at -57 km s −1 and -47 km s −1 collided with each other and the collision triggered the formation of 12 O stars in the bubble and 54 low-mass young stellar objects along the bubble wall in a timescale of 0.5-3 Myr. This hypothesis is an alternative to the usual collect-collapse scenario, where the stars are formed as secondary generation stars.
RCW 79 has a larger size than RCW120 by a factor of 30 in the projected area, favoring formation of 12 O stars, which did not happen in a smaller bubble RCW120 where a single O star was formed. The 12 O stars are not accompanied by lower mass stars which are common in a usual stellar cluster. This indicates an extreme top-heavy mass function. We suggest that the mass function was created by the initial low density of the compressed molecular gas inside the bubble which formed no low mass stars. The numerical simulation of collision by Inoue and Fukui (2013) lend support for the top-heavily core mass function. . 
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Appendix. CO velocity channel maps of Mopra
We show the velocity channel maps of the 12 CO J =1-0 emission in Figure 8 . The velocity range is between −64.9 and −33.3 km s −1 . Fig. 8 . Mopra 12 CO J =1-0 velocity channel distributions toward RCW 79. Crosses depicts exciting O stars ).
